A novel adsorbent for the selective removal of endotoxin from various protein solutions has been prepared. The adsorbent comprises aminated poly(y-methyl L-glutamate) (PMLG) spheres. The larger is the number of incorporated amino groups, the larger is the endotoxin-adsorption capacity of the adsorbent, the smaller is the pore size (exclusion of molecular weight; Mum) of the adsorbents, the smaller is the number of various proteins adsorbed. When Mum was smaller than 300 (as the molecular weight of polysaccharide) and the amino-group content was 3.2 meq/ g, the adsorbent selectively removed endotoxin from various endotoxin-containing samples, such as protein solutions, without affecting the effective substances, even at such a high ionic strength (u) of 0.2 -0.4. Consequently, aminated PMLG spheres with a certain pore size are considered to be a useful adsorbent for the removal of endotoxin from drugs and fluids for injection.
Endotoxin (lipopolysaccharide; LPS), a pyrogenic substance) and a constituent of the cell wall of gramnegative bacteria, is ubiquitously distributed among plants, animals and the environment. The difficulties in removing even nanogram quantities of endotoxin from high-molecular-weight compounds, such as proteins, are well known. For removing endotoxin from these protein solutions, an adsorption method using affinity chromatography is effective.
Recently, some endotoxin adsorbents, such as histidine-immobilized polysaccharides2,3 and chitosan beads4, have become commercially available; however, endotoxin is hardly adsorbed at such high ionic strengths as ,u=0.1.56 We therefore attempted to develop a novel endotoxin adsorbent which can retain affinity for endotoxin over a wide range of ionic strengths, and reported in previous papers5-' that poly(y-methyl Lglutamate) (PMLG) spheres having diaminoethane as a ligand has the highest affinity for endotoxin, even at high ionic strength (p0.1-0.4). In this paper we describe the effects of the pore size and the amino-group content of the adsorbent on the selective removal of endotoxin from various endotoxin-containing materials.
Experimental

Materials
Endotoxin (LPS) preparations from Escherichia coli UKT:B and 0111:B4 were purchased from Wako Pure Chem. Ind., Osaka, and Difco Laboratories, Detroit, MI, respectively. Limulus HSII-test Wako (Limulus amoebocyte lysate) was a product of Wako.
Pyrosep was purchased from Daicel, Tokyo, and diaminoethane was from Nacalai Tesque, Kyoto. PMLG was supplied by Ajinomoto Co., Tokyo.
Proteins were from Wako. All other chemicals were of analytical reagent grade. Endotoxin-free water was obtained from the Chemo-Sero-Therapeutic Research Institute, Kumamoto.
Filamentous hemagglutinin (F-HA) and pertussis toxin (PT) antigen prepared from a culture supernatant of B. pertussis Tohama were described previously8 and were provided by the Chemo-Sero-Therapeutic Research Institute.
Preparation of PMLG adsorbent
PMLG adsorbents with diameters of 44 to 105 µm and pore sizes of <300 to 400000 as the exclusion molecular weight (Mum) were prepared by a "suspension and evaporation" method reported by us.910 Amino groups as the ligand were introduced into PMLG beads by Determination of amino-group contents of adsorbents The amino groups were quantified by pH titration and elemental analysis, as previously described.6
Determination of the pore size of the adsorbent
The prepared PMLG spheres were packed into a stainless column (4.6X150 mm). The chromatograph included a JASCO 880-PU pump and a Shodex refract monitor (SE-51). Mum, the pore size of the matrix in the adsorbent, was estimated from calibration curves by aqueous gel permeation chromatography (GPC). A homogeneous series of pullulan and maltose was used as permeable substances. Calibration curves were obtained by plotting the average molecular weights against the peak elution volumes. The Mum value was determined by extrapolating the linear part of the curve, as previously described.10-12
Adsorption of endotoxin
The affinity of the adsorbent for endotoxin was measured by a batchwise method as follows: the adsorbent was washed and equilibrated with phosphate buffer with different ionic strengths, as previously described.' A 0.2-to 2.0-ml portion of wet adsorbent was suspended in 2 -18 ml of an endotoxin solution. The suspension was shaken for 2 h at 25° C and filtered through a Millipore filter (0.45 µm) in order to remove the adsorbent. The endotoxin concentration of the filtrate was determined.
Endotoxin assay
Endotoxin was assayed by a turbidimetric time assay at 660 nm, and a Limulus test method using a Toxinometer ET-201 (Wako).13 LPS (E. coli UKT : B) was used as the standard endotoxin.
Protein assay
The protein concentration was measured with a spectrophotometer UV-160 (Shimadzu) at 280 nm (proteins except cytochrome c) or 410 nm (cytochrome c). F-HA and PT antigens were determined by an enzymelinked immunosorbent assay (F-HA ELISA and PT ELISA).8 Results 
and Discussion
The adsorption of endotoxin to the PMLG adsorbent was examined by a batchwise method.
The adsorption capacity increased upon the introduction of amino groups into the PMLG beads with diaminoethane, as previously reported. ' In this study the diaminoethane as the ligand was introduced into the PMLG adsorbent by aminolysis.
The effects of Mum and the amino-group content (-NH2) of non-aminated PMLG and aminated PMLG (PMLG-ED) adsorbents on endotoxin removal from an endotoxin solution (LPS, E. coli UKT:B, 250 ng/ ml) were investigated; the results are shown in Table 1 .
After treatment with non-aminated spheres (PMLG-1-6, Mum <300 -400000), the endotoxin concentration in the filtrate was about 40 ng/ ml. When the amino-group content was 2.3 -3.2 meq/ g (PMLG-ED 2,3,6,7), the endotoxin concentration of the filtrate was lower than 0.01 ng/ ml, irrespective of Mum. The higher was the amino-group content of the adsorbent, the larger was the endotoxin-adsorbing capacity.
In this study we estimated that endotoxin associates to produce supermolecular assemblies. We had previously founds that the endotoxin-adsorbing capacity of the non-aminated PMLG adsorbent increased with an increase in Mum when the adsorbent was larger than 1000000. By contrast, the present study clarified that the endotoxin-adsorbing capacity was not dependent on the Mum when Mum of the adsorbent was between 300 and 400000 ( Table 1 ). It is estimated that the molecular weight of the endotoxin aggregate is between 400000 and 1000000.
These results indicate that endotoxin aggregates can not enter the pores of the adsorbent when Mum is 400000. Therefore, we assume that endotoxins are adsorbed only on the surface, and thus the endotoxin-adsorbing capacity is independent on the Mum value (below 400000). Figure 1 shows typical calibration curves of aqueous GPC for the PMLG and PMLG-ED adsorbents. Each Mum was about 20000 and the pore size10 and the porosity12 of the spheres remained unchanged.
The effects of the ionic strength on endotoxin adsorption to various adsorbents were examined in a phosphate buffer at various ionic strengths (Fig. 2) . The higher was the ionic strength of the buffer, the lower was the endotoxin-adsorbing capacity of each adsorbent. polysaccharides) hardly adsorbed endotoxin at such a high ionic strength as ,u=0.1-0.8. Such a property is very disadvantageous for the selective removal of endotoxin from a fluid for injection, since the ionic strength of a physiological solution is about ,u=0.17 and a hydrophobic protein, such as B. pertussis antigen, sometimes aggregates at such a low ionic strength as ,u =0.01-0.1.14 By contrast, PMLG-ED adsorbent (Mum 20000, -NH2 0.8, 3.2 meq/ g) showed a high affinity for endotoxin at ionic strengths at such a wide range as ,u=0.025 -0.8. These results show that the endotoxin-adsorbing capacity of the PMLG-ED adsorbent is higher than that of Pyrosep at a high ionic strength. The adsorbing capacity of 1 ml of PMLG-ED (Mum 20000, -NH2 3.2 meq/ g) adsorbent was 4.5 mg endotoxins (LPS, E. call 0111:B4) at such a high ionic strength as ,u=0.17, as previously reported. ' For the selective adsorption of endotoxin it is necessary to reduce the cationic or hydrophobic interaction of the adsorbent with the protein. The adsorption of various proteins to the PMLG-ED adsorbent was examined by a batchwise method. The effects of Mum of the adsorbent on the affinity for endotoxin in the PT antigen of B. pertussis, a hydrophobic protein, were examined with the PMLG-ED adsorbent (M1im<300 -400000, -NH2 0.8 meq/ g); the results are given in Fig. 3 . At an amino-group content of 0.8 meq/g, the adsorption of PT antigen decreased with decreasing the Mum of the adsorbent. The adsorbent showed a high affinity for endotoxin over a wide range of Mum, <300 -400000. These results show that the decreasing Mum prevented the antigen from entering the pores of the adsorbent, and thus decreased the number of sites of the hydrophobic interaction with the antigen.
The effect of the amino-group content of the PMLG-ED adsorbent (Mim<300 and 20000) on the adsorption of the F-HA antigen of B. pertussis was examined, as shown in Fig. 4 . At both values of Mum, considerable amounts for endotoxin from PT antigen. The affinty for endotoxin was determined by the batchwise method with 2 ml of adsorbent (Mum <300-400000, -NH2 0.8 meq/g) and 18 ml of PT antigen solution of B. pertussis (LPS 45000 ng/ml, antigen 5000 ELISA units/ml, pH 7.2, µ=0.2). 0, endotoxin; •, PT antigen.
of F-HA antigen were adsorbed to the non-aminated PMLG beads, and the adsorption of the antigen decreased with increasing amino-group content of the adsorbent. The adsorption of the F-HA antigen to the PMLG-ED adsorbent with an Mum smaller than 300 was lower than that to the adsorbent with an Mum of 20000 at any amino-group content. When Mum of the adsorbent was smaller than 300 and the amino-group content was 3.2 meq/ g, the F-HA antigen was scarcely adsorbed. These results show that an Mum smaller than 300, being smaller than the molecular weight of any protein, prevented the protein from entering the pores of the adsorbent, and thus reduced the hydrophobic interaction of the adsorbent with the proteins. The effects of the amino-group content of the PMLG-ED adsorbent and the ionic strength on the adsorption of bovine serum albumin (BSA), an acidic protein, are shown in Fig. 5 . Although BSA adsorption increased with an increase in the amino-group content of the adsorbent at u0.025, the increase in the ionic strength decreased the adsorption of BSA. When the ionic strength reached ,u=0.1 at a concentration of 500 µg/ ml, BSA was hardly adsorbed to any PMLG-ED adsorbent.
The effects of the concentration of BSA on the affinity for endotoxin contained by the BSA solution were tested with the PMLG-ED adsorbent (Maim<300, -NH2 3.2 meq/ g); the results are given in Fig. 6 . At such a high ionic strength as ,u=0.1, the BSA-adsorption rate (%) decreased upon increasing the concentration of BSA. By contrast, the endotoxin-adsorption rate was higher than 99% at any BSA concentration.
When the concentration of BSA was higher than 400 µg/ ml, BSA was hardly adsorbed. On the other hand, little or no neutral or alkaline protein in water-soluble substances was adsorbed to the adsorbent under any condition (data not shown). From these results we assumed that the affinity of the aminated PMLG adsorbent for endotoxin was induced by cooperative interactions of the cationic and weakly hydrophobic properties. The adsorption of endotoxin and BSA, being dependent on the ionic strength, suggests a cationic interaction, as shown in Figs. 2 and 5. The adsorption of F-HA, being independent of the ionic strength, suggests a hydrophobic interaction of the PMLG beads, themselves, as previously reported.' Although the PMLG beads, themselves, show a tendency towards hydrophobicity10"5, control of Mum and the incorporation of amino groups decreased the hydrophobic interaction with the antigen proteins. The high affinity of the aminated PMLG adsorbent for endotoxin is related to the anionic properties induced by the phosphoric acid groups and to the hydrophobicity of the lipophilic groups of endotoxin.'6 Table 2 shows the selective removal of endotoxin from various useful protein solutions containing endotoxin with the PMLG-ED (M,im<300, -NH2 3.2 meq/ g) adsorbent at ,u=0.17, which is equivalent to that of physiological saline. BSA, myoglobin, y-globulin, cytochrome c in water-soluble substances and the two antigens of B. pertussis, hydrophobic proteins, were used as samples at various concentrations.
BSA and y-globulin were naturally contaminated with endotoxin at a concentration of 1.4 -17 ng/ ml. Since myoglobin and cytochrome c contained only a small amount of endotoxin, LPS (E. coli 0111:B4) was added. F-HA and PT antigens were contaminated with endotoxin (LPS) from B. pertussis at a concentration of 45000 -135000 ng/ ml. The affinities of the adsorbent for endotoxin were determined by a batchwise method. The endotoxin concentration in the filtrate was lower than 0.1 ng/ ml in all cases and the recoveries of the proteins were high after removing endotoxin.
It is not so simple to remove endotoxin from F-HA or PT preparations, because they are from a gram-negative bacterium and, therefore, contain large quantities of endotoxin. It is therefore essential to eliminate endotoxin from an injection solution to a concentration of 0.1 ng/ml or lower3, because of its potent biological activities which cause pyrogenic and shock reactions in mammals.' As shown in Table 2 , the endotoxin concentrations in various protein solutions were reduced to lower than 0.1 ng/ ml upon treatment with PMLG-ED (M,;m<300, -NH2 3.2 meq/ g) adsorbent at an ionic strength equivalent to physiological saline without affecting either the proteins or the protective antigens. The favorable property of the adsorbent made it possible to prevent the protein from entering the pores of the adsorbent by adjusting Mum to be less than 300.
In conclusion, the results of the present study demonstrated that affinity chromatography on the aminated PMLG adsorbent with Mum adjusted to be less than 300, removes any endotoxin in drugs and fluids for injection to a concentration of less than 0.1 ng/ ml without affecting the effective compounds.
In addition, aminated PMLG particles showed other significant properties: (1) the PMLG beads showed a remarkable resistance to a high flow rate in aqueous GPC, because of a rigidity due to hydrogen bondings that are peculiar to polypeptides, as was previously reported;'°"2 (2) the aminated PMLG adsorbent is very suitable for medical use, since no collected effluent from the column of the adsorbent was detected; further, the adsorbent was negative in a pyrogen test with a rabbit (detailed data will be reported elsewhere). Table 2 Removal of endotoxina from various protein solutions with PMLG-ED adsorbent a. The removal of endotoxin was determined by the batchwise method with (Maim<300, -NH2 3.2 meq/g) and 18 ml of a sample solution (pH 7.2, µ=0.17).
2 ml of wet PMLG-ED adsorbent b. LPS (E. coli 0111: B4) was added.
